Introduction
Liquid crystalline (LC) materials have been promising candidates for potential applications of numerous areas. The highly ordered structures arising from the self-organizing nature of LC materials afford the optical signal processing [1] [2] [3] , electrooptical information storage, and the photoinduced charge transport [4] . With respect to charge carrier transport properties in photoexcited molecules, the photoconductivity and charge carrier mobility have been studied extensively for discotic and calamitic types of LCs, e.g. in triphenylene, phthalocyanine, 2-phenylbenzothiazole and naphthalene derivatives [4] [5] [6] [7] [8] . These LCs show the superior photoconductivity and fast charge carrier mobility independent of electric field and temperature compared with those of conventional amorphous or disordered organic materials. Mesomorphic charge transfer (CT) complexes have also been studied on several discotic as well as calamitic LCs and a few of them have been investigated in terms of photo/electronic conductivity [9] [10] [11] [12] . However, the photoinduced charge carrier transport as well as energy migration in the CT complexes formed by electron donor-acceptor interaction between calamitic mesogens have been little published.
Recently, we have reported that the optoelectronic properties by means of charge trapping/detrapping effects in the binary mixture composed of electron donor and acceptor mesogens [13] . We noticed that the efficient optoelectronic properties in liquid crystalline phase may be related to the capability of photoinduced charge carrier transport and the molecular alignment formed in the mixture of donor and acceptor molecules. Especially, to fabricate optoelectronic devices with desirable properties and the enhanced efficiency for organic photoconductive materials, it is so important to understand the process of the photoinduced charge carrier generation and transport within thin layer. The photocarrier generation in organic photoconductive materials usually occurs as follows: the formation of bound electron-hole pairs generated from photoexcited molecules, and then dissociation of this exciton into free electrons and holes with the aid of electric field [14] .
The introduction of molecular orientation and ordering is one of the promising approaches from the intention of improving the photocarrier generation and the dissociation of the electron-hole pairs. Furthermore, the binary mixture composed of electron donor and acceptor molecules can enhance the efficiency of the charge carrier generation due to the large p-orbital overlap between them [15, 16] . Therefore, the ability to transport photoinduced charge carriers and the highly ordered molecular alignment in the mesogenic mixture formed by the two components are significant factors in obtaining the efficient charge generation and the enhanced carrier mobility, as described in our recent publication [13] . We have demonstrated that the smectic LC mixtures could be applied for interesting and useful optoelectronic applications such as photoconductive switches and photodiode, in which high performance was attained through the exploitation of intermolecular and mesoscopic ordering. In this article, we would like to describe the mesomorphic behavior and the formation of CT complexes of the mesogenic compounds N-(4-decyloxybenzylidene)-4-dimethylaminoaniline (R10D) as an electron donor and N-(4-decyloxybenzylidene)-4-nitroaniline (R10A) as an electron acceptor ( Fig. 1(a) ). We will present significant optoelectronic properties of the binary mixture in different phases and discuss how its photoconductive characteristics under short-circuit condition are affected by the variation of the orientational order of molecules in each phase.
Experimental

Reagents and preparation
4-Nitroaniline, 4-hydroxybenzaldehyde, 4-dimethylaminoaniline, and 1-bromodecane (Tokyo Kasei Kogyo Co., Ltd) were used without further purification. N-(4-hydroxybenzylidene)-4-dimethylaminoaniline (1) [17] , N-(4-hydroxybenzylidene)-4-nitroaniline (2) [17] , N-(4-decyloxybenzylidene) -4-dimethylaminoaniline (R10D) and N-(4-decyloxybenzylidene)-4-nitroaniline (R10A) were prepared as shown in Scheme 1. All the syntheses were monitored by TLC (CHCl 3 :hexaneZ9:1) during the reactions. Binary mixtures were prepared by dissolving the appropriate ratios of R10D and R10A in benzene. Evaporation of the solvent and drying in vacuum yielded binary mixtures as colored solid.
N-(4-decyloxybenzylidene)-4-dimethylaminoaniline (R10D)
To a solution of 1 (1.0 g, 4.2 mmol) in 2-butanone (50 ml), 1-bromodecane (2.8 g, 12.5 mmol) and K 2 CO 3 (1.8 g, 12.7 mmol) were added. The reaction mixture was refluxed 
N-(4-decyloxybenzylidene)-4-nitroaniline (R10A)
Compound 2 (0.8 g, 3.3 mmol), 1-bromodecane (2.2 g, 9.9 mmol) and K 2 CO 3 (1.4 g, 9.9 mmol) were refluxed in 50 ml of 2-butanone in 100 ml two-necked round-bottom flask equipped with a reflux condenser. After 5 h, the resultant yellow solution was filtered, and the solvent was removed under reduced pressure. The crude product was purified by recrystallization from ethanol. The light yellow solid of R10A was obtained (0.9 g, 2.4 mmol, yield: 68%). 1 
Characterization
Molecular alignment on the phase transition behavior was evaluated by an Olympus model BX-51 polarizing optical microscopy (POM) equipped with an Imoto hot stage and thermocouple (Imoto ES100P with an accuracy of G0.1 8C) and X-ray diffractometer. Powder X-ray diffraction (XRD) analyses were performed on an MXP-18 (MAC Science Co., Ltd) diffractometer using Cu Ka 1 radiation (lZ0.15405 nm). Thermodynamic properties for phase transition of the binary mixtures were explored by means of differential scanning calorimeter (DSC: Seiko I&E DSC-6200) with heating and cooling rates of 5 8C/min. To examine the formation of CT complex, the reflection spectra in the region from 300 to 800 nm were measured using a multichannel spectrometer (Soma Optics, Fastevert S-2600).
A symmetrical sandwich type cell of ITO electrode was fabricated in the same way as previously reported [8, 10] . The photoconductive cells were prepared using ITO-coated glass (area, 1 cm 2 , 20 U) electrodes separated by silica spacers with w2 mm diameter in parallel and glued together with epoxy cement as shown in Fig. 1(b) . Mesogenic molecules (R10D, R10A and binary mixtures) were capillary-filled into the cell space in isotropic liquid phase (130 8C). Then, the cell was then carefully cooled down to room temperature and two opening edges of the glasses are sealed with epoxy cement. To reduce the influence of oxygen and moisture absorbed in the cells, all cell preparations were carried out under a reduced pressure and an inert (nitrogen) atmosphere with exclusion of light. Microscopic observation of the cells revealed that the resulting mesophase of the mesogenic molecules were formed to have polydomain structures, in which the homogeneous alignment stayed stable under applied voltage range of K1V to 1V, although the surfaces of ITO electrodes were not rubbed to obtain homogeneous alignment. For the steady-state photocurrent measurements, which involved the transport characteristics of photogenerated charge carriers, a xenon-lamp (100 W) equipped with a band-pass filter was used as light source. All photocurrent measurements were carried out in the atmosphere condition, the sample cell was placed on a hot stage and the illumination light intensity at UV irradiation ranging from 300 to 400 nm was held constant of 18.5 mW/cm 2 using the power meter. The J-V characteristics of the photocurrent and dark current were recorded with an Advantest model R6245 source measurement.
Results and discussion
Mesophase characterization
The mesomorphic behavior and the significant thermal stability of R10D, R10A and binary mixtures were characterized by a combination of the techniques consisting of POM, DSC and XRD. Table 1 summarizes the phase transition temperatures and associated enthalpy and entropy changes of R10D, R10A, and binary mixtures. R10D on cooling shows only a monotropic nematic phase (N) over the narrow temperature ranges from 88.5 to 94.9 8C, while R10A on both heating and cooling displays an enantiotropic smectic C phase (SmC) over the widest temperature ranges from 61.4 to 94.2 8C and from 42.9 to 92.3 8C, respectively. In contrast, R10DA (R10D:R10AZ50:50 mol%) formed by mixing the two components exhibits an enantiotropic smectic A phase (SmA) over relatively wide temperature ranges from 105.6 to 123.0 8C on heating and from 88.1 to 121.3 8C on cooling, respectively. The entropy changes of transition from isotropic phase to mesophase for R10D, R10A and R10DA are 4.5, 6.3 and 15.2 J K K1 mol K1 , respectively. R10DA on cooling shows the most stable liquid-crystalline phases as proved by the highest isotropic-SmA phase transition temperature (121.3 8C), the relatively wide temperature range of the SmA phase (33.2 8C) and the highest values of the isotropic-SmA phase transition entropy change (15.2 J K K1 mol K1 ) compared with those of other binary mixtures. Its thermal stability and the induction of a smectic mesophase would be caused by intermolecular interactions between the electron donor and acceptor mesogens [18] [19] [20] . These thermal behaviors are similar to those of the previously reported materials with shorter alkyl chain [17] . Fig. 2(a) and (b) show a binary phase diagram for the mole fraction of R10D on heating and cooling cycle. When the mole fraction of R10D is in the range between 10 and 70 mol%, binary mixtures show the enantiotropic SmA phase which is not appear in the individual R10D and R10A. On the other hand, R10DA(91) exhibits a monotropic N phase in the narrow temperature range from 94.1 to 100.4 8C on cooling. Furthermore, binary mixtures in the range between 10 and 50 mol% of R10D show the two-phase region (K1) with coexisting the crystalline phase and SmA phase on heating or cooling because of the non-mixing behavior between R10D and R10A. Interestingly, the temperature range of the induced SmA phase in 10 mol% of R10D is much wider than that in 70 mol% on heating and cooling cycle. This indicates that the formation of the induced SmA phase as increasing the mole concentration of R10A is probably related to the variation of electron donor-acceptor interaction. Moreover, if the interactions between two different molecules are stronger than those between two identical ones, the mesophase-isotropic transition curve should be expected to become convex upwards [17] . The induced mesophase in binary mixture formed by two different components is more thermally stable than those in mixtures of the same type. Its enhanced mesophases and thermal stability are consistent with the binary phase diagrams in Fig. 2 . In this phase diagrams both on heating and cooling, the SmA-isotropic transition curves for binary mixtures are seen to have convex curves.
The molecular alignment behavior of the mesophases induced by intermolecular interactions between two components was explored by POM on the cooling. Fig. 3 shows optical textures of R10D, R10A, and R10DA sandwiched within untreated glass slides or two pieces of ITO-coated glass. R10D displays only the typical Schlieren texture corresponding to the nematic phase on cooling from the isotropic state. R10A appears to be a broken-fan texture, which are characteristic of the SmC phase, rather than the fan texture. R10DA exhibits the focal conic fan texture, similar to that observed for conventional SmA phase [21] . Microscopic observation of R10DA within two pieces of ITO-coated glass also shows the typical fan texture. This indicates that the thin film of R10DA in the SmA phase is formed to have polydomain structures, in which homogeneous alignment stayed stable under bias voltage as shown in Fig. 3(d) .
To prove the identification of the smectic phases, powder X-ray diffraction measurements were carried out for R10A and the mixture R10DA on the second cooling. Fig. 4(a) shows the results of small angle powder X-ray diffraction measurements for R10A and R10DA at 90 8C. These XRD patterns below the smectic-isotropic transition temperature show a sharp scattering peak at small angles region and a broad halo around 2qZ208 at wide angles region corresponding to the smectic character of the mesophases [17] . The small angle 2q values for R10A and R10DA are 4.88 and 2.868, which associate with smectic layer spacings of 18.1 and 30.9 Å , respectively. In the case of the individual electron donor and acceptor mesogens, as shown in Fig. 4(b) , the calculated molecular lengths employing the MM2 energy minimization parameters are approximately 26.5 and 25.9 Å for R10D and R10A, respectively. On the basis of the results for these X-ray diffractions and the fully extended molecular conformations, Fig. 4(c) illustrates the proposed model of a smectic layer structure for R10DA. The layer spacing of R10A is shorter than the calculated molecular length, which is consistent with a tilted bilayer structure with the tilt angle of 468 in the SmC phase. However, the molecular packing of R10DA may have a bilayer structure resulting from the electron donor-acceptor interactions in the SmA phase, in which alkyl chains are highly interdigitated and heading groups of R10D and R10A overlapped partially [17] . The head-tohead molecular alignment of R10DA should provide the effectual contact of the aromatic p-systems of the donor and acceptor. This molecular arrangement should promise a possible charge carrier transport ability.
Formation of charge transfer complex
CT interactions between electron donor and acceptor molecules should be usually confirmed by the observation of a CT absorption band in an electronic absorption spectrum. The color of R10DA is reddish brown in both crystalline and LC phases, but those of R10D and R10A are only yellow. The persistence of color in the solid and LC states should be considered as the additional evidence for the molecular complexing in R10DA induced by the electron donor-acceptor mesogens. Fig. 5 shows reflection spectra of R10D, R10A, and R10DA measured in the crystalline, liquid crystalline and isotropic phases. CT interactions between donor and acceptor mesogens in the crystalline and liquid crystalline phases of R10DA are manifested by the appearance of weak broad absorption band in the 450-600 nm region of their electronic spectra. These observations can be considered as the direct evidence for the formation of CT complex in R10DA between R10D and R10A [17] . On the other hand, this CT absorption band is also detected in isotropic phase and its intensity decreased with increasing the temperature. These results suggest that the CT interaction on molecular-scale region is maintained in the isotropic phase in which the positional and orientational order vanish generally.
Optoelectronic properties
Steady-state current density-voltage (J-V) characteristics of photocurrent and dark current for the ITO/R10D/ITO, ITO/R10A/ITO and ITO/R10DA/ITO cells in the crystalline phase are shown in Fig. 6 . The photoresponse for R10A is clearly observed under UV irradiation, while the photocurrent of R10D is very small. In particular, when light was turned on and off, the photocurrent response curve for R10DA showed the reversible switching on the applied voltage, as shown in Fig. 6(b) . The magnitude of the observed photocurrent showing a larger increase for positive voltages in the ITO/R10DA/ITO cell also exhibits noticeable values compared with those of the individual R10D and R10A cells. This indicates that R10DA can be made more efficient charge generation due to the large overlap between donor and acceptor mesogens. Its photoconductive behavior is interpreted in terms of the various mechanisms for transport characteristics of photogenerated or injected charge carriers. The slight rectification of photocurrent observed for R10DA is mainly caused by the positive charged carriers in the extrinsic and/or intrinsic conduction process due to the mobility difference of the photogenerated charge carriers. In addition, the electric conduction process through the electron injection from the R10DA layer into the illuminated ITO electrode under UV irradiation takes place only at the interface between the mesogenic molecules and the positive electrode. Fig. 7 shows typical J-V characteristics of photocurrent and dark current for the ITO/R10D/ITO, ITO/R10A/ITO and ITO/ R10DA/ITO cells in the LC phase (90 8C). The dark current for the cells in the LC phases is about three orders of magnitude larger than that in the crystalline phase. This large dark current is tentatively explained by the following reasons: (i) the contribution of the charge carries provided by the thermal excitation from the shallow or deep trapping sites; (ii) the contribution of a small amount of accumulated impurities at grain boundaries of polycrystalline. The increase of molecular motion in the vicinity of the interface on heating scanning can also induce the improvement of the interfacial contact for the electric or ionic conduction at the interface. In these LC phases of R10D, R10A and R10DA, the electric conduction as charge hopping may be dominant due to the very viscous smectic phase in which the charged mesogenic molecules themselves could not easily migrate, although there still remains the possible ionic conduction as increasing the temperature. On the other hand, the photocurrent behavior in the LC phase is different from that in the crystalline phase. The difference between the photocurrent and dark current for R10DA is fairly smaller compared with the crystalline phase. This would be related to the charge carrier trapping and recombination process with increasing the temperature. Under irradiation, the charge trapping process would be promoted by increasing the temperature and the promotion leads to a decrease in the mobility of charge carriers [22] . Therefore, the increase in the electron-hole recombination probability will cause the reduction of the difference between the photocurrent and dark current. The observed photocurrent for the R10DA cell in LC phase shows a significant improvement relatively to the photoresponse of the R10D and R10A cells as described in the crystalline phase. The magnitude of photocurrent for R10A and R10DA in the smectic phase, which generally depends on an efficiency of charge generation and a mobility of charge carriers [14] , also exhibits larger values than that of R10D in the nematic phase. This implies that the variation of molecular ordering in each phase could have a substantial influence on the photoconductivity. These results are probably due to the highquality LC thin film and the self-organized molecular alignment in the smectic phase as described in the previous study [13] . Fig. 8 shows photocurrent responses as a function of time obtained from the ITO/R10D/ITO, ITO/R10A/ITO and ITO/ R10DA/ITO cells in the crystalline phase. A steady-state photocurrent (I) was measured at a constant applied bias voltage of K0.5 V (Fig. 8(a) ), while the short-circuit photocurrent (I SC ) was observed at zero bias voltage under periodic UV irradiation (Fig. 8(b) ). The observed photocurrent behavior for binary mixture shows significant optoelectronic properties. The magnitude of I and I SC for R10DA exhibits superior values compared with that of the individual R10D and R10A under identical experimental conditions. This enhanced I and I SC for R10DA may be attributed to the increase in the concentration of photogenerated charge carriers induced by the large overlap between the two components. These optoelectronic properties of I and I SC could offer a potential possibility in optoelectronic devices such as the photoconductive switches and photodiode. This photocurrent mechanism in binary mixture is probably performed by the electron or hole transfer reaction from the photoinduced ITO electrode to the mesogenic molecule, which was associated with the extrinsic conduction process. Furthermore, spike current responses were observed for the cells when the light was turn on. This spike current would be caused by the variation of dielectric constant in the photoexcited mesogenic molecule during light irradiation [23] . We have also investigated the optoelectronic properties in LC phase. Fig. 9 shows the I recorded under a bias of K0.5 V with UV irradiation and the I SC as a function of time for the cells in LC phase (90 8C). R10DA in the SmA phase led to the enhancement of the optoelectronic properties relatively to that in the crystalline phase. This could be caused by the efficient charge separation and transport properties at the interface between the LC layer and the ITO electrode in the SmA phase. Such efficient charge separation and transport properties for R10DA cell in LC phase should be attributed to the photoinduced charge carrier transport ability and the orientational order of molecules formed by mixing donor and acceptor molecules [13] .
As for the photocarrier generation and charge transport properties in the fluid phase, we have also investigated the J-V characteristics and the I SC for the cells above the mesophaseisotropic transition temperature, which is accompanied by a sudden change of viscosity. In contrast to a very viscous smectic phase, ionic species (ionic impurities or carriers) can be easily transferable in the isotropic liquid phase owing to the lower viscosity. In fact, the observed photocurrent and dark current for the cells in the isotropic liquid phase (130 8C) was larger than those in the LC phases as shown in Fig. 10(a) . For the photoconductive behavior in the fluid phase, it would be supposed that the amounts of photo-induced charge carriers should be largely decreased due to a rapid electron-hole pair recombination caused by the reduction of the carrier mobility. However, the difference between the photocurrent and dark current in the isotropic liquid phase decreased slightly smaller than one in the LC phase. Therefore, the above results are probably due to the dominant contribution of a possible ionic conduction. Fig. 10(b) also shows the anodic I SC as a function of time for the cells with UV irradiation in the isotropic liquid phase. The considerable increase of I SC for all cells relatively to the LC phase was observed unexpectedly in the isotropic liquid phase. Although carrier recombination takes place at the interface, electron injection under UV irradiation might still occur from the excited state of LC molecules in the vicinity of the interface into the irradiated ITO electrode because the differential charge transfer at the interface is maintained in isotropic liquid phase [22] . However, the substantial contribution to the increase of I SC might be attributed to the chargetransfer reactions between the accumulated ionic species near the interface and the illuminated ITO electrode. The nature of ionic species is not yet apparent in the present materials. Further investigations and evaluation of carrier mobility are needed before conclusion can be drawn about the conduction mechanism for the photo-induced charge carriers in the isotropic liquid phase. Fig. 11 shows Arrhenius plots of the steady-state photocurrent and dark current as a function of temperature for R10DA under the constant applied bias voltage and shortcircuit conditions. The J d gradually increased with increasing the temperature (Fig. 11(a) ), while no significant increase in the J SCd was observed over the whole temperature range (Fig. 11(b) ). Temperature dependence of the J d in the crystalline phase obeyed the Arrhenius's equation. On the assumption that a thermally activated hopping mechanism for each phase, the values of the activation energy (E ac ) calculated by the Arrhenius plots were 1.01, 0.02 and 0.12 eV for the crystalline, the SmA and isotropic phase, respectively. The E ac of R10DA in the crystalline phase is larger than the representative value of 0.75 eV usually seen along the best conducting direction in organic CT salts. This seems to be due to the additional contribution through the thermal excitation and/or a small amount of accumulated impurities as mentioned previously. However, the value of the E ac in the SmA phase is very small in comparison with that in the crystalline and isotropic phases. This should provide another support for the electronic conduction such as charge hopping in the SmA phase, rather than the ionic conduction. The J p and J SCp continuously increased with increasing the temperature and reached to a plateau region. In the SmA region, it remained constant over a temperature range of 15 8C, then gradually increased at the temperature where the liquid crystal to isotropic phase transition occurred. This indicates that the photocurrent behavior is strongly influenced by the variation of the molecular ordering at phase transition point as increasing the temperature. Furthermore, the current density ratio (J SCp / J SCd ) under a short-circuit condition increases in the SmA and isotropic phases compared to that (J p /J d ) under the constant applied bias voltage. Especially, the J p /J d shows the marked values in the SmA phase. These complexities for conduction behavior may be due to the relationship between the molecular ordering and dynamics for R10DA on heating. Thus, these results indicate that the photoconductivity of R10DA is severely related to the orientational order of molecules and interactions between donor and acceptor mesogens in each phase.
Temperature dependence of photocurrent and dark current
Conclusion
In this work, we examined the mesomorphic and optoelectronic properties for R10D, R10A, and R10DA in different phase. Optoelectronic properties for the cells are strongly influenced by the variation of phase transition as increasing the temperature. The magnitude of the observed photocurrent for R10DA cell in each phase exhibits noticeable values compared with those of the individual R10D and R10A cells. We found that efficient photoconductive properties of R10DA are related to the large overlap between donor and acceptor mesogens. R10DA in the SmA phase also led to a large improvement of the optoelectronic properties compared with the individual R10D and R10A because of the molecular ordering and the enhanced electrical contact at interface between the ITO electrode and the LC layer. On the other hand, as for optoelectronic properties of R10DA in the isotropic liquid phase, it is thought that the ionic conduction, rather than the electronic conduction is dominant due to the better molecular motion on heating. It is found that this binary mixture can be a good candidate for high-performance photoconductive switches and provide a new insight into the comprehension for the processes of the photoinduced charge carrier generation and transport under short-circuit condition through the variation of the orientational order of molecules in each phase.
